RecA MUTANTS 



CROSS-REFERENCE TO RELATED APPLICATIONS 
[0001] This application claims the priority benefit of U.S. Provisional Application Ser. 

No. 60/432,758, filed December 12, 2002, incorporated by reference herein. 

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT 
[0002] This invention was made with United States government support awarded by the 

following agency: NIH Grant Nos. GM 32335 and GM52725. The United States has certain 
rights in this invention. 

BACKGROUND OF THE INVENTION 
[0003] RecA protein catalyzes homologous DNA pairing and strand exchange reactions 

that are the central processes of recombination and recombinational DNA repair in all cells. The 
structure of the RecA protein of Escherichia coli (Mr 37,842) features three distinct domains (32- 
34, the contents of which is incorporated by reference here in its entirety). The core domain 
(residues 31-269) includes the ATP and DNA binding sites. The core is flanked by smaller N- 
and C-terminal domains. The C-terminal domains (residues 270-352) appear as distinct lobes on 
the surface of RecA filaments, which shift position markedly in response to the presence of 
different bound nucleotides (35,36). The far C-terminus of the RecA protein (defined here as the 
C-terminal 25 amino acid residues) exhibits a preponderance of negatively charged amino acids, 
with seven Glu or Asp residues in the terminal 17 residues. This function of this region has been 
explored with the use of C-terminal deletions (37-42). Several of these studies documented the 
in vitro effects of deleting all or most of the C-terminal 25 amino acid residues. The major 
effects were an improvement of binding to dsDNA (37-39) and an evident alteration of the 
conformation of the core domain (42). 

[0004] Currently a main function of RecA is strand exchange which is initiated when 

RecA binds to single-stranded DNA (ssDNA) within a gap or a ssDNA terminal extension. 
RecA protein binds DNA in at least two steps. The first is a slow nucleation step (1-3), and this 
is followed by a rapid, cooperative binding of additional monomers to lengthen the filament 
uniquely in a 5' to 3' direction (4,5). The resulting RecA-ssDNA complex has an extended, 
helical conformation, with approximately 6 RecA monomers and 18 nucleotides (nt) of DNA per 
right-handed helical turn (18.6 base pairs per turn in RecA filaments with bound ATPyS (6)). 
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This nucleoprotein filament can pair the bound single strand with the complementary strand of an 
incoming duplex, resulting in homologous recombination. 

[0005] The ssDNA binding protein from E. coli, SSB, affects formation of the 

nucleoprotein filament in several ways. In vitro, under standard reaction conditions that 

generally include 8-12 mM Mg2+, SSB stimulates filament formation on ssDNA substrates 
derived from bacteriophages by binding to and denaturing regions of secondary structure in the 
ssDNA that would otherwise hinder RecA filament extension (7). SSB is then displaced by the 
growing RecA filament (8). SSB thus permits the formation of a contiguous extended filament 
on the DNA. However, RecA and SSB bind ssDNA competitively in vitro, such that when SSB 
is prebound to ssDNA, it inhibits the nucleation stage of RecA protein filament formation (9,10). 
Subsequent binding of RecA to ssDNA results either when SSB transiently vacates a region of 
ssDNA, or when the RecOR mediator proteins facilitate RecA nucleation onto SSB-coated 
ssDNA (5,11,12). 

[0006] Genetic studies also indicate that SSB inhibits RecA filament formation and 

subsequent homologous recombination. SSB protein has multiple DNA binding modes, and 
interconversion between them is mediated by salt concentrations (29-31). Mutations in recF, 
recO or recR genes, which belong to the same epistasis group, result in defects in the repair of 
stalled replication forks (13-18). These defects are likely due at least in part to the inability of 
RecA protein to displace SSB from the single-stranded region of the stalled fork. In support of 
this model, overproduction of SSB leads to a sensitivity to UV-inflicted DNA damage that is 
similar to the phenotype of recF mutants (19). Additional evidence supports a competition 
between RecA and SSB for ssDNA in vivo. The recF, recO or recR phenotypes can be partially 
suppressed, and the suppressor mutations map to the recA gene. These recA mutants include 
recA803 (V37M) (20, the contents of which is incorporated by reference here in its entirety), 
recA2020 (T121I) (21 and 22, the contents of both is incorporated by reference), recA441 
(E38K+I298V) (23-25, the contents of each is incorporated by reference), and recA730 (E38K) 
(26 and 27, the contents of both is incorporated by reference). These RecA mutant proteins 
would need to be able to compensate in some way for the loss of the RecFOR proteins, and 
indeed RecA803, RecA441, and RecA E38K proteins all exhibit an enhanced ability to compete 
with SSB in vitro (8 and 28, the contents of both is incorporated by reference). RecA E38K 
protein competes best with SSB, followed by RecA441 and then RecA803 (8, the contents of 
which is incorporated by reference here in its entirety). However, these RecA mutants do not 
effectively displace SSB from linear single stranded DNA. 



[0007] Indeed, Benedict and Kowalczykowski describe a study of a proteolytic fragment 

of RecA protein missing about 15% of the protein, which turned up in one purification prep of 
RecA protein. Although, some improved binding to duplex DNA was noted, the exact nature of 
the C-terminal deletion, greater than 25 amino acids, was never determined. Furthermore, no 
group has been able to reproduce the results since they did not report how many amino acids 
were deleted (37). 

[0008] Likewise, Tateishi, et al. (38, the contents of which is incorporated by reference), 

describe a study of a purified RecA protein without 25 amino acids from the C-terminus. The 
authors also note some improved DNA binding. However, it has been found in work elaborated 
below that the described protein is still much less stable than RecA deletions desired for a variety 
of biological applications. 

[0009] Also, Lavery and Kowalczykowski describe a study of the E38K mutant alone 

(called RecA730). The authors note some improved displacement of SSB using the RecA730. 
However, for many applications, their results still indicate a substantial lag in the binding to 
DNA and displacement of SSB by RecA730. 

[00010] Larminat and Defais, also studied a carboxyl terminal deletion of 17 amino acids 

in vivo. However, the mutant was never actually isolated and characterized as a pure protein 
(41). Furthermore, Yu and Egelman, disclose use of a pure RecA mutant with an 18 amino acid 
deletion. However, the study was confined to the structure of the resulting filaments. Thus, in 
neither of these two papers was the biochemistry of these proteins actually explored (42). 
[00011] Thus, a RecA mutant protein is desired which can catalyze homologous DNA 

pairing and strand exchange reactions more efficiently due to an enhanced capacity of the mutant 
protein to compete with SSB and to provide a more persistent binding of the mutant protein to 
DNA. 

BRIEF SUMMARY OF THE INVENTION 
[00012] The invention is based upon the discovery that when certain mutations are made 

to the RecA protein, the resultant mutant proteins are rendered highly proficient in SSB 
displacement and steady state binding of DNA as compared to the wild-type RecA protein in the 
presence or absence of a DNA binding protein. 

[00013] Accordingly, the present invention features a variety of RecA mutant proteins 

with highly desirable enzymatic properties suitable for use in a variety of methods and related 
kits for practicing the invention. 



[00014] In one aspect the invention provides a single mutant RecA protein having a 

deletion of at least 13 -20 amino acid residues from the carboxyl terminus. 
[00015] In another aspect the invention provides a single mutant RecA protein with 1 7 

amino acids residues deleted from the carboxyl terminus. 

[00016] In another aspect the invention provides a single mutant RecA protein having an 

enhanced capacity to displace a DNA binding protein, such as for example, SSB or RPA as 
compared to wild-type RecA. 

[00017] In another aspect the invention provides a single mutant RecA protein exhibiting 

enhanced binding to DNA during a DNA strand exchange reaction as compared to wild-type 
RecA, wherein the DNA is single-stranded or may contain a secondary structure. 
[00018] In another aspect the invention provides a double mutant RecA protein having a 

deletion of at least 13-25 amino acid residues from the carboxyl terminus and the amino acid 
change from a glutamate to a basic amino acid at position 38. 

[00019] In another aspect the invention provides a double mutant RecA protein having a 

17 amino acid residue deletion from the carboxyl terminus and the amino acid change from a 
glutamate to either lysine or arginine at position 38. 

[00020] In another aspect the invention provides a polynucleotide sequence encoding the 

protein of either the single or double mutants of the invention. 

[00021] In another aspect the invention provides a double mutant RecA protein having an 

enhanced capacity to displace a DNA binding protein, such as for example, SSB or RPA as 
compared to wild-type RecA. 

[00022] In another aspect the invention provides a double mutant RecA protein having an 

increased steady-state DNA binding capacity during a DNA strand exchange reaction as 
compared to wild-type RecA, wherein the DNA is single-stranded, double-stranded, linear or 
circular; and wherein the reaction is pH and Mg2 + concentration dependent. 
[00023] In another aspect the invention provides a double mutant RecA protein which 

allows the RecA reaction to be regulated in a pH-dependent fashion, with late stages of DNA 
strand exchange being precluded at pHs below 7.0. 

[00024] In another aspect the invention provides a double mutant RecA protein, which can 

promote a multiple-strand DNA exchange reaction. 

[00025] In another aspect the invention provides a method of catalyzing homologous DNA 

pairing and DNA strand exchange reactions in an in vitro or in vivo environment using a 
sufficient amount of either the single or double mutant RecA protein of the invention. 



[00026] Yet in another aspect the invention provides a kit including either the single or 

double mutant of the invention. 

[00027] It is believed that the tight DNA-binding RecA mutants of the invention have the 

potential to enhance all current biotechnology applications using RecA protein and for making 
new applications feasible. Among the new applications will be the use of the tight-binding single 
and double mutants of the invention to promote in vitro alterations of genes to permit the rapid 
construction of desired gene mutants for industrial and pharmaceutical purposes. Other 
applications where the RecA mutants of the invention may be useful are described in detail 
below. 

[00028] Unless otherwise defined, all technical and scientific terms used herein have the 

same meaning as commonly understood by one of ordinary skill in the art to which this invention 
belongs. Although suitable methods and materials for the practice or testing of the present 
invention are described below, other methods and materials similar or equivalent to those 
described herein, which are well known in the art, can also be used. 

[00029] Other objects, advantages and features of the present invention will become 

apparent from the following specification taken in conjunction with the accompanying drawings. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS 
[00030] FIG. 1 shows the effects of SSB on wild-type RecA protein binding to circular 

ssDNA, with either RecA or SSB preincubated with the DNA at 3 and 10 mM Mg 2 + 
[00031] FIG. 2 shows the effects of SSB on wild-type RecA protein binding to poly(dT) 

ssDNA, with either RecA or SSB preincubated with the DNA at 3 and 10 mM Mg 2+ . 
[00032] FIGS. 3A-C shows the displacement of SSB from poly(dT) by wild-type RecA 

protein and C-terminally truncated RecA proteins AC6, AC 13 and AC 17, at 3 and 10 mM Mg 2+ . 
[00033] FIGS. 4 A and B shows the displacement of RPA from poly(dT) by wild-type 

RecA protein and C-terminally truncated RecA proteins AC6, AC 13 and AC 17. 
[00034] FIG. 5 shows a comparison of the capacity of wild-type RecA protein to bind to 

secondary structure-containing M13mp8 ssDNA with that of the RecAAC17 protein. 
[00035] FIG. 6 shows a comparison of the SSB displacement and ssDNA binding 

activities of various RecA mutants proteins added to SSB-prebound poly(dT) ssDNA: RecA 
(wild-type), RecAAC13, RecAAC17, RecA 441, RecA E38K and RecA RecAAC17/E38K. 
[00036] FIG. 7 shows a comparison of the SSB displacement and ssDNA binding 

activities of various RecA mutant proteins added to SSB-prebound poly(dT) ssDNA: RecA 
(wild-type; WT), RecAAC17, AC13, E38K and E38K/AC17. 
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[00037] FIG. 8 shows a gel profiling the pH dependence of wild-type and E38K/AC17 

mutant RecA in the DNA strand exchange reaction. 

[00038] FIG. 9 shows a pH-reaction profile for DNA strand exchange reaction. The 

intermediates (open circle) and products (closed circle) promoted by wild-type and E38K/AC17 
RecA proteins were quantitated from Figure 7 as a function of pH. 

[00039] FIG. 10 shows a gel profiling the rate of strand exchange as a function of pH. 

[00040] FIG. 1 1 shows the amino acid sequence for RecAAC17. 

[00041] FIG. 12 shows the polynucleotide sequence for RecAAC17. 

[00042] FIG. 13 shows the amino acid sequence for RecAE38K/AC17. 

[00043] FIG. 14 shows the polynucleotide sequence for RecAE38K/AC17. 

[00044] FIG. 15 shows the amino acid sequence for the wild-type RecA. 



DETAILED DESCRIPTION OF THE INVENTION 
[00045] The invention relates to novel RecA mutant proteins with certain mutations, which 

render the novel proteins highly proficient in SSB displacement and steady state binding of DNA 
as compared to the wild-type protein in the presence or absence of a DNA binding protein. 
[00046] The invention encompasses a variety of embodiments. In one embodiment the 

invention provides a single mutant RecA protein having a deletion of at least 13 -20 amino acid 
residues from the carboxyl terminus. 

[00047] In a preferred embodiment the invention provides a single mutant RecA protein 

with 1 7 amino acid residues deleted from the carboxyl terminus, referred to herein as 
"RecAAC17". The amino acid of sequence of RecAAC17 is set forth herein as SEQ ID NO. 1 
and its corresponding polynucleotide sequence is set forth herein as SEQ ID NO. 2. 
[00048] This embodiment of the invention provides a single mutant RecA protein having 

an enhanced capacity to displace a DNA binding protein as compared to wild-type RecA. A 
preferable DNA binding protein is RPA and more preferable is SSB. Furthermore, this 
embodiment, suitably RecAAC17, exhibits enhanced binding to DNA during a DNA strand 
exchange reaction as compared to wild-type RecA. RecA binding is measured through ATP 
hydrolysis assays described in the examples. A suitable DNA for the mutant protein, preferably 
RecAAC17, to bind with is single-stranded DNA or a DNA with a secondary structure. 
[00049] Furthermore, in a broader sense C-terminal deletions of RecA protein have been 

found to greatly enhance the capacity of the protein to compete with a DNA binding protein, 
suitably SSB. This enhanced DNA binding capacity was determined through conducting a series 
of C-terminal deletions systematically removing 6, 13 and 17 amino acids from the C-terminus of 
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the wild-type RecA protein and characterizing them in detail (43 and 44, the contents of both is 
incorporated by reference here in its entirety). Through this series of deletions, it was found that 
removal of 13 amino acid residues was a suitable mutation, however, a preferred mutation was 
where 17 amino acids were deleted from the C-terminus of the wild-type RecA. In these studies 
it was also determined that a deletion of 25 amino acid residues was not preferred, in that this 
deletion mutant was unstable in many types of assays. 

[00050] In yet another embodiment, it was found that the C-terminally truncated proteins 

of the invention, and especially the double mutant protein (RecAAC17/E38K), dramatically alter 
the pH-reaction profile for DNA strand exchange. This unusual pH dependence for the mutant 
proteins of the invention has the potential to allow exquisite control over the entire reaction. 
Thus, it is envisioned that for the double mutant protein (RecAAC17/E38K) at the lower pH 
values (pH 6 - 7), the first step of the DNA strand exchange (i.e., where a short segment of the 
duplex DNA is paired with the RecA-coated ssDNA to form hybrid intermediate DNA) proceeds 
very well. Large amounts of pairing intermediates appear in the reaction promoted by the C- 
terminally truncated mutant proteins. However, only at pHs above 7.5 can complete products be 
generated from the strand exchange reaction. Most suitably, the complete product formation in 
strand exchange reactions using the double mutant occurs at pH 8.5 (+ 1.0). Thus with the mutant 
proteins of the invention, a reaction can be initiated at low pH, held there in an intermediate stage 
without the reaction going to completion until desired. Then to push the strand exchange 
reaction towards completion, the pH is adjusted to the higher value. 

[00051] Furthermore, the C-terminally truncated mutant proteins of the invention exhibit a 

progressive reduction in the requirement for free Mg2 + in the same reaction (44). For the 
RecAAC17 mutant protein, there is no measurable requirement for Mg2 + in excess of that 
required to coordinate the ATP used in a given experiment (44). This is true also for the double 
mutant protein (RecAAC17/E38K). 

[00052] Another embodiment of the invention provides a double mutant RecA protein 

having a deletion of at least 13-25 amino acids residues from the carboxyl terminus and the 
amino acid change from a glutamate to a basic amino acid at position 38. A preferred 
embodiment of the invention provides a double mutant RecA protein having a 17 amino acid 
residue deleted from the carboxyl terminus and the amino acid change from a glutamate to 
arginine or even more preferably to lysine at position 38. 

[00053] Applicants note that although the changes noted herein are disclosed in terms of 

changes at the protein level, it is well within the ability of a skilled artisan to modify a 
polynucleotide that encodes a RecA protein to encode the mutant proteins of the invention. The 

-7- 



skilled artisan also understands the degeneracy of the genetic code and understands that a 
plurality of codons, made up of naturally occurring and synthetic nucleotides can direct the 
production of a single naturally occurring and synthetic amino acid residues. Thus, in practicing 
the invention, it is envisioned that modified amino acid residues having similarly basic properties 
may be substituted for glutamate at position 38. 

[00054] The preferred embodiment of the invention has 17 amino acid residues deleted 

from the C-terminus and a lysine at position 38 and is referred to herein as "RecAAC17/E38K". 
The amino acid of sequence of RecAAC17/E38K is set forth herein as SEQ ID NO. 3 and its 
corresponding polynucleotide sequence is set forth herein as SEQ ID NO. 4. 
[00055] In the RecA double mutant protein embodiment, suitably RecAAC17/E38K, the 

mutant proteins have an enhanced capacity to displace a DNA binding protein as compared to 
wild-type RecA. A preferred DNA binding protein may be SSB or RPA. These mutant proteins 
have an increased steady-state DNA binding capacity during a DNA strand exchange reaction as 
compared to the wild-type RecA amino acid sequence, which is set forth herein as SEQ ID NO. 
5. It is noted that the DNA to be bound by the mutant proteins of the invention may be single- 
stranded, double-stranded, linear or circular DNA. Furthermore, this embodiment allows for the 
induction of complete product formation in the DNA strand exchange reaction through an 
increase in the RecA reaction pH. To shift the RecA reaction towards complete product 
formation, a pH above 7.5 is preferable and a pH of 8.5 (+ 1 .0) is most preferable. In addition to 
being pH-dependent, the double mutant proteins of the invention are also Mg2 + concentration 
dependent. A preferred Mg 2+ concentration is 4-8mM and most preferably 5mM. 
[00056] Furthermore, as described in the examples below, another embodiment of the 

invention provides a double mutant RecA protein, suitably RecAAC17/E38K, which is capable of 
promoting a multiple-strand DNA exchange reaction. A suitable strand exchange reaction is 
between two homologous double-stranded DNAs (Four-stranded exchange reaction) and can 
overcome DNA structural barriers such as small heterologous insertions. These RecA activities 
require the hydrolysis of ATP and preferably may be carried out at the optimal pH and Mg2+ 
concentration conditions. Similar to the four-strand exchange reaction, the three-strand exchange 
reaction is shown in FIG.8, above the depiction of the gel. It is noted that the pH range for the 
four-stranded reaction is narrower than that of the three-stranded reaction. 

[00057] In another embodiment the invention provides a method of catalyzing homologous 

DNA pairing and DNA strand exchange reactions in an in vitro or in vivo environment using a 
sufficient amount of either the single or double mutant RecA proteins of the invention. It is 
noted that the double mutant RecAAC17/E38K displaces SSB somewhat better than any of the 
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individual mutant proteins of the invention under some conditions, and exhibits a higher steady- 
state level of binding to linear ssDNA under all conditions. 

[00058] Hence, methods of using the novel RecA mutant proteins and kits having the 

proteins as components thereof are also contemplated by the present invention, as described 
hereinbelow. 

[00059] Finally, in accordance with the RecA mutant proteins of the invention, the effect 

of each mutation is described below in the examples and it is understood that the applicants have 
identified amino acid residues of the protein that have a direct impact upon function and that 
other modifications at the same positions can have effects comparable to, greater than or lesser 
than those noted. 

Applicability of Novel Mutant RecA Proteins 

[00060] Currently there are a number of companies selling the wild type RecA protein 

such as for example, Amersham Biosciences, Inc. (Piscataway , NJ), New England Biolabs 
(Beverly, MA); Rockland Immunochemicals, Inc. ( Gilbertsville, PA); Cambio Ltd. 
(Cambridge, England); Epicentre Technologies (Madison, WI); Roche Applied Sciences 
(Indianapolis, IN); Promega Corp. (Madison, WI); Active Motif, Inc. (Carlsbad, CA); United 
States Biological (Swampscott, MA); and USB Corp (Cleveland, OH). It is believed that the 
properties exhibited (i.e., enhanced ability to displace SSB, persistently bind DNA, pH- 
dependent regulation of strand displacement reaction, etc.) by the RecA mutant proteins of the 
invention, preferably RecAAC17, and most preferably RecAAC17/ E38K enable these novel 
proteins to potentially replace wild-type and other existing RecA proteins for all current 
biotechnology applications using RecA and making new applications feasible. For example, it is 
envisioned that the tight-binding single and double mutants of the invention may be used to 
promote in vitro alterations of genes to permit the rapid construction of desired gene mutants for 
industrial and pharmaceutical purposes. 

[00061] Furthermore, because the mutant proteins, preferably RecAAC17, and most 

preferably RecAAC17/ E38K bind DNA more persistently to regions of secondary structure than 
the wild-type RecA protein, the RecA mutant proteins may be used to increase the efficiency of 
any application where the presence of the SSB protein may complicate concurrent or subsequent 
reactions. 

[00062] Similarly, due to the tighter binding capacity of the mutant proteins of the 

invention, suitably RecA E38K/AC17, can provide a much more stable RecA platform for 
technologies that utilize RecA protein to select particular sequences or clones from complex 
mixtures using for an example the ClonCapture cDNA selection protocol (73-76). The RecA 
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E38K/AC17 mutant protein of the invention would enhance cloning technologies like this by 
binding to DNA more persistently to make selection of suitable clones more efficient. In 
addition, by using a pH between 6 and 7, the motor function of the double mutant protein (which 
would tend to eliminate many clones after they were captured) may be attenuated. This should 
further enhance the efficiency with which RecA protein can be used in any technology designed 
to select a particular sequence from a complex mixture. 

[00063] Another application where the RecA mutant proteins of the invention can be 

useful is in targeting the site-specific cleavage of small and large DNAs. In brief, RecA is bound 
to a short single stranded DNA that is complementary in sequence to the region to be cleaved. 
The RecA takes this DNA and pairs it with the DNA in a large chromosome or a complex 
mixture of DNA. The site thus bound is protected from additional enzymatic action. One can 
then methylate the sites of cleavage of a particular restriction enzyme, X. All the sites in the 
DNA that are recognized by that restriction system will be methylated, except for the one 
protected by the RecA complex. Then the RecA can be removed. The resulting DNA, when 
treated with restriction endonuclease X, will be cleaved only at the site that had been protected 
with RecA (methylation at the other sites prevents their cleavage) (64). Thus, RecA mutants may 
also be used to map genomes with the aid of limited restriction enzyme cleavage (64, 66-69). 
[00064] Alternatively, the RecA mutant proteins of the invention, preferably RecAAC17, 

and most preferably RecAAC17/ E38K may be used as the basis for the design and construction 
of tiny electronic circuits based on DNA. In brief, a complex DNA molecule is laid out on a 
support such as silicon. Oligonucleotides attached to gold particles or other metal clusters used 
to create a transistor, are targeted to specific spots along the DNA with the use of the RecA 
protein. Thus, the mutants of the invention would make the construction of such circuits more 
efficient, and make the constructed circuits more stable. In addition, the pH properties of the 
double mutant should also help make the paired RecA complexes bind more tightly (65). 
[00065] Yet another application where the RecA mutant proteins of the invention can be 

useful is in facilitating the effort to develop methods for human gene therapy that must rely on 
the cellular recombination systems or alteration of genomes (70-72). 
[00066] Therefore, it is envisioned that the RecA mutant proteins described by the 

invention, preferably RecAAC17, and most preferably RecAAC17/ E38K can replace any 
commercially available wild-type RecA used in site-directed mutagenesis through displacement 
loop structures; targeted site-specific cleavage of small and large DNA; enrichment of target 
sequences from libraries or other DNA pools; visualization of DNA for electron microscopy 
(77); and cloning or other strategies involving use of RecA protein and a site-specific 
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oligonucleotide to block endonuclease cleavage at the complementary site in a target DNA 
molecule. 

[00067] The mutant proteins of the invention, preferably RecAAC17, and most preferably 

RecAAC17/ E38K may be commercially distributed either as a single product to help promote 
homologous recombination through a multiple-step ATP-dependent pathway; promote 
proteolytic cleavage of repressors; or catalyzes DNA strand-pairing and exchange. The mutants 
of the invention may also be included as one of many components in a kit. For example a kit 
may include a single and/ or a double RecA mutant of the invention from E. coli or any other 
suitable organism in a suitable storage buffer, and an instruction leaflet. A suitable storage buffer 
for the RecA mutants of the invention may include 50% glycerol containing 50 mM Tris-HCl 
(pH 7.5), 0.1 mM EDTA, and 1 mM DTT. 

EXAMPLES 

[00068] The following examples provide the materials and methods used to produce the 

various RecA mutants of the invention. Although applicants have exemplified a number of RecA 
mutant proteins differing from wild-type RecA at position 38 and at the C-terminus, one can 
reasonably predict from their analysis the effects of other related mutations based upon structure- 
function analysis. 

Example 1. Proteins and Biochemicals 

[00069] E. coli SSB was purified as described (47, the contents of which is incorporated 

by reference). SSB was stored in a buffer containing 20 mM Tris-HCl (pH 8.3), 1 mM EDTA, 
50% glycerol, 1 mM p-mercaptoethanol and 500 mM NaCl. The concentration of the purified 
SSB protein was determined from the absorbance at 280 nm using the extinction coefficient of 
2.83 x 104 M~l cm"l (48). Saccharomyces cerevisiae Replication Protein A (RPA) was purified 
as described (49, the contents of which is incorporated by reference here in its entirety). The 
concentration was determined by the absorbance at 280 nm using the extinction coefficient of 8.8 

x 104 M~l cm" 1 (50). The wild-type RecA, RecAAC6, RecAAC13, and RecAAC17 proteins 
were purified as described (43). RecA 441 was purified using the following modification to the 
wild-type RecA procedure previously described (43). The initial polyethylenimine pellet was 
washed with R buffer (20 mM Tris-HCl (80% cation, pH 7.5), 1 mM DTT, 0. 1 mM EDTA, and 
10% (w/v) glycerol) and 50 mM ammonium sulfate and extracted two times with R buffer +150 
mM ammonium sulfate. The RecA E38K (RecA730) mutant protein was purified like the wild- 
type RecA protein, except that the final fraction was subjected to an additional step. The protein 
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was loaded onto a PBE 94 column equilibrated with R buffer, and the column was developed 
with a linear gradient from 0 to 1.0 M KC1. The RecA E38K mutant was eluted at approximately 
600 mM KC1. The eluted protein was dialyzed extensively against R buffer and concentrated as 
for the wild-type protein. The RecAAC17/E38K double mutant protein was purified using the 
same protocol as the RecAAC17 protein (43). The concentration of each RecA and RecA mutant 
protein was determined using the extinction coefficient of wild-type RecA, 2.23 x 10 4 M~l cm -1 
(51). Unless otherwise noted, all reagents were purchased from Fisher. Lactate dehydrogenase 
(LDH), pyruvate kinase (PK), phosphoenolpyruvate (PEP), nicotinamide adenine dinucleotide 
(reduced form) (NADH), and ATP were purchased from Sigma. PBE 94 resin was purchased 
from Amersham Pharmacia Biotech. DTT was purchased from Research Organics, Inc. 

Example 2. DNA Substrates 

[00070] All DNA concentrations are given in terms of total nucleotides. Poly(dT) was 

purchased from Amersham Pharmacia Biotech, and the approximate average length is 229 nt. 
The concentration of poly(dT) was determined by UV absorption at 260 nm using an extinction 
coefficient of 8.73 mM"l cm"!. M13mp8 bacteriophage circular ssDNA was prepared as 
described (52). The concentration of M13mp8 ssDNA was determined by UV absorption at 260 
nm using the extinction coefficient, 9.03 mM" 1 cm~l. 

Example 3. ATP Hydrolysis Assays 

[00071] A coupled spectrophotometric enzyme assay (53 and 54, the contents of both is 

incorporated by reference here in their entirety) was used to measure the ssDNA-dependent 
ATPase activities of the wild-type RecA, RecAAC6, RecAAC13, and RecAAC17 proteins. The 
regeneration of ATP from PEP and ADP was coupled to the oxidation of NADH and monitored 
by the decrease in absorbance of NADH at 380 nm. The 380 nm wavelength was used so that the 
signal remained within the linear range of the spectrophotometer for the duration of the 
experiment. The assays were carried out on a Varian Cary 300 dual beam spectrophotometer 
equipped with a temperature controller and a 12 position cell changer. The cell path length and 
band pass were 0.5 cm and 2 nm, respectively. The NADH extinction coefficient at 380 nm of 
1.21 mM~l cm~l was used to calculate the rate of ATP hydrolysis. 

[00072] The reactions were carried out at 37°C in 25 mM Tris-OAc (80% cation), 1 mM 

DTT, 3 mM potassium glutamate, 5 % (w/v) glycerol, an ATP regeneration system (10 U/mL 
PK, 1 .92 mM PEP), and a coupling system (3 mM NADH and 10 U/mL LDH). The 
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concentrations of DNA (M13mp8 ssDNA or poly(dT)), RecA protein (wild-type RecA, 
RecAAC6, RecAAC13, RecAAC17, RecA 441, RecA E38K or RecAAC17/E38K), Mg(OAc)2, 

and SSB or RPA are indicated in the description of each experiment hereinbelow. To initiate the 
assay, the ssDNA was preincubated with either a RecA protein, or a ssDNA binding protein 
(SSB or RPA), for 10 minutes at 37°C. Then SSB or a RecA protein, respectively, was added. 
ATP was added to 3 mM final concentration, either with the RecA protein, or SSB or RPA, as 
indicated. Data collection was then begun. In reactions in which no ssDNA binding protein is 
included, SSB storage buffer is added instead. In the salt titrations, conditions were the same as 
above on poly(dT), except without SSB or SSB storage buffer. After a steady-state rate was 
achieved, aliquots of concentrated NaCl were added, allowing the reactions to come to steady 
state between additions. 

[00073] After the various single and double mutants of the invention were produced their 

abilities to compete with SSB for binding to single stranded and double stranded DNA were 
compared with the wild-type RecA protein. To measure RecA binding to DNA, rate of ATP 
hydrolysis was measured using a coupled enzyme assay described hereinabove (53,54). RecA 
protein hydrolyzes ATP when bound to DNA, and the ATPase rate is proportional to the amount 
of RecA bound under most conditions (7,53,55). This assay was also shown to represent a 
reliable and real-time method to monitor SSB displacement by RecA when SSB is prebound to 
ssDNA (8). 

Example 4. SSB competition with wild-type RecA protein for binding to M13mp8 ssDNA 
[00074] The outcome of the competition between SSB and RecA for binding to circular 

bacteriophage M13mp8 ssDNA strongly depends on the relative concentrations of the proteins, 
which protein is preincubated with the ssDNA, and on the Mg 2+ concentration (7,9). As FIG. 1 
illustrates, when the RecA protein is present at concentrations stoichiometric with its available 
DNA binding sites (3 nt ssDNA per RecA monomer), RecA displaces prebound SSB from 
M13mp8 ssDNA quite slowly at 3 mM Mg2+. 

[00075] In referring to FIG. 1 , DNA binding was monitored indirectly by following the 

DNA-dependent ATPase activity of RecA protein. Reactions were carried out as described in 
Experimental Procedures, and contained 5 \iM M13mp8 ssDNA, 1.67 jiM or 2.5 ixM RecA 
protein, 0.5 jaM SSB protein, 3 mM ATP, and 3 or 10 mM Mg(OAc)2, as indicated in the figure. 
Either RecA or SSB was preincubated with the ssDNA for 10 minutes before the final protein 
addition (RecA first or SSB first reactions, respectively). RecA was added to 2.5 /xM only in the 
reaction indicated in the figure as containing excess RecA, with RecA prebound at 10 mM 
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Mg 2 +, otherwise the RecA was present at 1.67 jaM. In each experiment, ATP was added with 
the SSB. 

[00076] This Mg2+ concentration is stoichiometric to the ATP concentration used in the 

experiment. At 10 mM Mg2+ 5 the SSB is displaced much more quickly upon RecA addition. If, 
however, RecA is preincubated with the M13mp8 ssDNA at 3 nt/monomer, some RecA protein 
is gradually displaced in the presence of SSB, but the initial rates of ATP hydrolysis indicate a 
high level of RecA binding. The rates decline somewhat with time, but remain much higher than 
the initial rates observed when SSB was preincubated with the ssDNA. RecA protein again 

competes with SSB somewhat better at 10 mM Mg 2 + than at 3 mM Mg 2+ . The decline in rates 
indicate that the DNA is not completely bound by RecA when RecA is present at these 
stoichiometric levels, affording SSB significant access to the DNA. When the RecA 
concentration is increased 50% (2 nt/monomer), so the excess RecA ensures coverage of the 
DNA, RecA is not displaced by SSB when the RecA is bound to the DNA prior to the SSB (FIG. 
1). 



Example 5. SSB competes with wild-type RecA protein for binding to polv(dT) ssDNA 
[00077] A complication in the study of SSB effects on wild- type RecA binding to 

M13mp8 ssDNA at various Mg 2+ concentrations is that SSB can remove Mg2+-induced 
secondary structure in M13mp8 ssDNA, which otherwise inhibits RecA binding (7,57). Thus 
SSB has a stimulatory effect on RecA filament formation as well as a competitive, inhibitory 
effect. In order to eliminate this stimulatory contribution from SSB, poly(dT) ssDNA was used 
in place of M13mp8 ssDNA. Previously it was shown that much more prebound RecA is 
displaced from poly(dT) by SSB than from M13mp8 ssDNA (7). This occurs to a large extent 
because of end-dependent disassembly of RecA filaments (5,56,58), which is readily observed 
only on linear DNAs where filament extension at one end does not compensate for disassembly 
at the other. Here it is shown that at 10 mM Mg 2+ , wild-type RecA protein (3 nt/monomer) is 
almost completely displaced from poly(dT) by SSB in a process that is complete in less than 10 
minutes (FIG. 2). In referring to FIG. 2, DNA binding was monitored as described in the 
legend to FIG. 1. Reactions contained 5 ^M poly(dT) ssDNA, 1 .67 jiM RecA protein, 0.7 jiiM 
SSB, 3 mM ATP, and 3 or 10 mM Mg(OAc)2, as indicated in parentheses in the figure. Either 
RecA or SSB was preincubated with the ssDNA for 10 minutes before the final protein addition. 
For the controls, denoted by dashed lines, SSB was replaced with SSB storage buffer. In each 
experiment, ATP was added with the SSB or SSB storage buffer. 
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[00078] At 3 mM Mg2+, the displacement of RecA by SSB is considerably faster. RecA 

added to poly(dT) prebound with SSB is not able to appreciably displace the SSB at 3 or 10 mM 
Mg 2+ , indicating that binding of SSB to poly(dT) is highly favored over RecA binding to the 
linear poly(dT). Unlike the case with M13mp8 ssDNA, the resulting steady-state rates are the 
same regardless if RecA or SSB is preincubated with the ssDNA. In these experiments, the ATP 
is added with the SSB, and thus ATP is not included in the RecA preincubation in the 
experiments where RecA is added first. However, including ATP in the RecA preincubation had 
no discernable effect on the results shown (data not shown). As previously observed, a small net 
disassembly occurs in the absence of SSB, as indicated by the slight decline in the rate of ATP 
hydrolysis with time (dashed lines in FIG. 2), and disassembly and reassembly of filaments is 
doubtlessly occurring at a steady state (5,56,58). The rate of hydrolysis by RecA protein in the 
absence of SSB is somewhat higher at 10 mM Mg 2+ than at 3 mM. 

Example 6. The capacity of RecA protein to compete with SSB is enhanced with progressive 
deletion of the C-terminal amino acids 

[00079] The C-terminus of RecA contains a number of acidic residues. As shown in FIG. 

3 A, deletions of 6, 13 or 17 amino acids from the C-terminus progressively remove a total of 
three, six or seven glutamate and aspartate residues. In referring to FIG. 3A, DNA binding was 
monitored indirectly by following the DNA-dependent ATPase activity of RecA protein. Panel 
A highlights the C-terminal region of RecA protein. The core domain, which includes the P-loop 
(ATP binding motif), is shown in white. The shaded and black regions of the sequence 
correspond to the N-terminal and C-terminal domains, respectively. The primary structure of the 
C-terminal 17 amino acids of the RecA protein is diagramed below the linear sequence. The 
hexagons highlight the high concentration of negatively charged amino acids in this region. The 
arrows indicate points of truncation in the deletion mutants: RecAAC6, RecAAC13 and 
RecAAC17. 

[00080] The ability of these mutant proteins to compete with SSB was tested and 

compared with that of wild-type RecA protein. At 3 mM Mg2 + , where wild-type RecA has the 
least capacity to compete with SSB for binding to poly(dT), RecAAC13, and to an even greater 
extent, RecAAC17, bind well to the poly(dT) that has been prebound with SSB (FIG. 3B). At 3 

mM Mg 2+ , RecAAC6 is unable to compete with SSB. Thus, in preparing the mutants of the 
present invention, suitable RecA mutants will have a carboxyl terminus deletion of between 13 
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and 25 amino acids. It is believed that having a carboxyl terminus deletion of between 13-20 
amino acids is preferable and having 17 amino acids is most preferable. 

[00081] The ATPase reactions of each protein in the absence of SSB are also displayed in 

FIG. 3B to show that at 3 mM Mg 2+ , in the absence of SSB, each protein binds to poly(dT) to 
approximately the same extent. The apparent k ca t for ATP hydrolysis by wild-type RecA 

(calculated by assuming that all of the DNA is bound by RecA protein) in these reactions is 1 1.5 

min-1, quite comparable to rates with poly(dT) observed previously (7). However, as shown 

below, this rate is lower than the nearly 30 min~l rate observed when RecA is carefully titrated 
onto circular ssDNA. The lower rate almost certainly reflects incomplete binding of the DNA, 
and perhaps an equilibrium state in which filaments are undergoing steady-state end-dependent 
assembly and disassembly. 

Example 7. SSB displacement by the mutant RecA proteins is enhanced by Mg2+ 
[00082] All of the RecA proteins including RecAAC6, compete more effectively with SSB 

at 10 mM Mg2 + , and at 10 mM Mg2+ it is more evident that RecA's ability to compete with 
SSB increases with progressive deletion of RecA' s C-terminus (FIG. 3C). The RecAAC17 
mutant protein exhibits no detectable lag in binding, indicating a particularly rapid SSB 
displacement process. Each RecA protein binds poly(dT) efficiently in the absence of SSB at 10 
mM Mg 2+ . 

[00083] When Ml 3mp8 ssDNA is used, the outcome of the wild-type RecA-SSB 

competition is highly dependent on which protein is preincubated with the ssDNA (FIG. 1) (7,9). 
However, when poly(dT) is used the resulting steady-state rates are the same no matter which 
protein is preincubated with the ssDNA (FIG. 2). It was found that for RecAAC17 protein, the 
steady-state rates are also the same whether RecAAC17 or SSB is preincubated with poly(dT) 
(FIG. 3C and data not shown). When RecAAC17 was preincubated with poly(dT) and ATP, and 
then challenged with SSB, the challenge had no measurable effect on the rate of ATP hydrolysis 
at 10 mM Mg2 + , and by inference on the state of RecAAC17 binding. At 3 mM Mg2+, there is a 
slow decline in ATPase rate occurring over approximately 60 minutes after the challenge, after 
which the rate seen in FIG. 3C is observed (data not shown). This suggests a slow displacement 
of the mutant RecA protein by the SSB. 

[00084] Thus, in referring to the data shown in FIGS. 3B and 3C, reactions contained 0.7 

\xM SSB, 1.67 ^M RecA protein, 5 |aM poly(dT) ssDNA, 3 mM ATP and either 3 mM (B) or 10 
mM (C) Mg(OAc)2- In all reactions, ATP and SSB were preincubated with the ssDNA for 10 
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minutes before the addition of the RecA protein indicated in the figure. The controls without 
SSB for each RecA mutant protein are shown as dashed lines, and substituted SSB storage buffer 
for the SSB. At the point where these dashed lines are bisected by the vertical labeling line, the 
listing of the proteins (top to bottom) corresponds to the top to bottom positioning of the dashed 
lines (the top line is the reaction of the wild-type RecA protein, etc). Wild-type RecA protein is 
denoted WT in this and subsequent figures. 

Example 8. The capacity of RecA protein to compete with RPA is progressively enhanced as 
deletion of the C-terminus of RecA is increased 

[00085] Both the wild-type and C-terminally truncated RecA proteins are better able to 

compete with SSB at 10 mM Mg 2 + than at 3 mM Mg 2 + (FIGS. 1, 3B and 3C). This difference 
could be due to effects of Mg 2 + either on the RecA proteins or on SSB. Mg 2+ is known to 
affect the cooperativity of the different binding modes of SSB (59). An increase in Mg 2+ could 
lower the cooperativity of binding of SSB, which in turn could affect its ability to compete with 
RecA protein. Therefore, it was investigated whether Mg2+ stimulated the competition of RecA 
with RPA, a ssDNA binding protein whose binding, unpublished studies indicate, is not affected 
by Mg2+. Additionally, it was asked whether the inhibition of wild-type RecA protein was due 
to a specific protein-protein interaction with SSB mediated through the C-terminal region of 
RecA. Removal of this region would then result in the ability of C-terminally truncated RecA 
protein to compete with SSB, as shown in FIGS. 3B and 3C. However, as illustrated in FIG. 
4 A, the same result obtained with SSB is seen with RPA. At 3 and 10 mM Mg2+, wild-type 
RecA has a limited capacity to compete with RPA for binding to poly(dT). In contrast, 
RecAAC17 does bind to poly(dT) coated with RPA and is especially proficient at 10 mM Mg 2+ 
(FIG. 4A). In referring to FIG. 4A, DNA binding by RecA and RecA mutants was monitored 
indirectly by following the DNA-dependent ATPase activity of RecA protein. Reactions in panel 
A contained 0.6 jiM RPA, 1 .67 jliM RecA protein, 5 jxM poly(dT) ssDNA, 3 mM ATP and either 
3 mM or 10 mM Mg(OAc)2 as indicated by the number in parentheses. RPA was preincubated 
with the ssDNA for 1 0 minutes before the addition of the RecA protein indicated in the figure. 
Controls carried out in the absence of RPA (dashed lines) are labeled as indicated in the legend to 

FIG. 3. This suggests that Mg 2+ has a significant enhancing effect on RecA protein function in 
SSB displacement even when the C-terminus is removed. 

[00086] Additional experiments were carried out with the wild-type RecA protein and 

M13mp8 circular ssDNA, to examine the effects of Mg2+ under conditions in which filament 
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disassembly at filament ends would minimally affect the results. SSB was preincubated with the 
ssDNA. With this circular DNA substrate, the RecA protein can slowly displace the SSB at 3 

mM Mg2+ (FIG. 4B). Figure 4B refers to two reactions with wild-type RecA carried out under 
the same conditions as panel A, but with M13mp8 ssDNA replacing the poly(dT) which shows 
that the displacement is considerably faster at 10 mM Mg2+. 

[00087] Displacement of SSB by RecA C-terminal truncation mutants is apparently not 

due to a higher inherent affinity for ssDNA. The ability of RecA protein to bind DNA in the 
presence of increasing NaCl concentration correlates with its inherent DNA affinity (49). 
Binding to poly(dT) was monitored indirectly with the DNA-dependent ATPase assay in the 
absence of SSB, and as a function of increasing NaCl concentration (data not shown). The half- 
maximal binding point (taken as the NaCl concentration where the ATPase activity is halved 
relative to the maximum) is seen at approximately 750 mM NaCl for the wild-type protein, 
decreasing slightly to about 700 mM under these conditions for the RecAAC17 mutant. 

Example 9. RecAAC17 protein binds M13mp8 ssDNA with secondary structure better than 
does wild-type RecA protein . 

[00088] RecA E38K and RecA803, which have been demonstrated to compete with SSB 

for binding to ssDNA more effectively than wild-type RecA, appear to also bind to regions of 
secondary structure in ssDNA better than the wild-type protein (8). It was investigated whether 
RecAAC17 was more capable than wild-type RecA at binding M13mp8 ssDNA that contains 
secondary structure, induced by 10 mM Mg2+ 5 in the absence of SSB. In these experiments the 
RecA was present at 2 nt/monomer to prevent RecA displacement in the control experiments that 
contained SSB. As illustrated in FIG. 5, the rate of ATP hydrolysis of wild-type RecA protein 
prebound to M13mp8 ssDNA in the presence of SSB and 10 mM Mg2 + drops significantly when 
SSB is omitted, to 30% of the rate in the presence of SSB (dashed lines in FIG. 5). 
[00089] In referring to FIG. 5, the DNA binding by wild-type and C-terminally truncated 

RecA protein was monitored indirectly by following the DNA-dependent ATPase activity of 
RecA protein. Reactions were carried out as described in Experimental Procedures, and 
contained 5 ^iM M13mp8 ssDNA, 2.5 jxM RecA protein, 3 ^iM ATP, and 10 mM Mg(OAc)2- 

Some reactions also contained 0.5 ^iM SSB as indicated (+ in parentheses). Wild-type RecA 
protein or RecAAC17 were preincubated the ssDNA for 10 minutes, before the addition of ATP 
and either SSB (+) or SSB storage buffer (-). The reactions with wild-type RecA protein are 
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shown with dashed lines to highlight the contrast with the reactions with the RecAAC17 mutant, 
which exhibit a much reduced effect of SSB addition. 

[00090] This is consistent with a considerably reduced binding to the ssDNA under these 

conditions, as observed previously for RecA binding to ssDNA with appreciable secondary 

structure in the absence of SSB (7). In contrast, the ATPase rate of RecAAC17 at 10 mM Mg 2+ 
drops only a little upon omission of SSB, to 84% of the rate seen with SSB (FIG. 5). In sum, the 
data indicate that RecAAC17 is better able to bind DNA that contains secondary structure than is 
wild-type RecA. 

Example 10. Improved SSB displacement and increased steady- state DNA binding with 
RecAAC17/E38K 

[00091] The C-terminal region of the wild-type RecA protein negatively modulates the 

capacity of RecA to compete with the SSB protein for ssDNA binding sites. When the C- 
terminal residues are removed progressively (6, 13 and 17 residues) the mutant proteins exhibit a 
progressive increase in the capacity of RecA to displace SSB. The E38K point mutation also 
enhances this capacity. To demonstrate that a mutant protein with both the RecAAC17 and the 
E38K mutations is much more effective at binding ssDNA and displacing SSB from ssDNA in 
vitro a comparison was made of RecA (wild-type), RecAAC13, RecAAC17, RecA441 double 
mutant (E38K+I298V), RecA E38K and RecAAC17/E38K (17 residue C-terminal truncation 
combined with the RecA E38K mutation), as shown in FIG. 6. 

[00092] In referring to FIG. 6, the DNA binding by RecA and RecA mutant proteins was 

monitored indirectly by following the DNA-dependent ATPase activity of RecA protein. 
Reactions contained 0.7 fiM SSB, 1.67 |iM RecA or RecA mutant protein, 5 \iM poly(dT) 
ssDNA, 3 |iM ATP and either 3 mM (FIG. 6 A) or 10 mM (FIG. 6B) Mg(OAc)2- In all 

reactions, SSB and ATP were preincubated with the ssDNA for 10 minutes before the addition of 
the RecA protein indicated in the figure. The controls without SSB for each RecA mutants are 
shown as dashed lines. 

[00093] At 3 mM Mg 2+ , the RecA441 mutant was similar to the RecAACl 7 mutant in its 

capacity to displace SSB. The RecA E38K mutant was the best of the individual mutants in this 
activity. A short but discernable lag in reaching a steady state of ATP hydrolysis was observed 
for each of the individual mutants. At 10 mM Mg2 + , the activity of the RecA441 mutant was 
similar to that of RecAACl 3, and less than that of RecAACl 7. The RecA E38K mutant was still 
the best individual mutant in SSB displacement. The lag in reaching an apparent steady state was 
reduced for all of the individual mutant proteins. When the RecAACl 7 and E38K mutations 
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were combined in a single protein, a further enhancement was observed in SSB displacement and 
ssDNA binding. Furthermore, there was no discemable lag in ATP hydrolysis with the double 
mutant protein under any condition tested, and a substantially higher steady-state rate of ATP 

hydrolysis (with an apparent in excess of 20 min~l). It is noted that the ATP hydrolysis was 

higher in the presence of SSB than in its absence, a property observed with no other RecA 
mutant. It is envisioned that the higher rates of ATP hydrolysis could reflect a higher intrinsic 
rate of ATP hydrolysis by the double mutant protein. Alternatively, they could reflect a greater 
steady-state level of binding to the DNA. 

[00094] At the low Mg2 + concentration, the double mutant protein was more effective at 

SSB displacement than either single mutant (FIGS. 6 and 7). In referring to FIG. 7, the DNA 
binding by RecA and RecA mutant proteins was monitored indirectly by measuring the DNA- 
dependent ATPase activity of the RecA protein. Reactions contained 0.7 \xM SSB, 1.67 jaM 
RecA, 5 |iM poly(dT) ssDNA, 3 mM ATP and 10 mM magnesium ion. In all reactions, SSB and 
ATP were preincubated with the ssDNA for 10 min before the addition of the indicated RecA 
protein. The dashed lines indicate control experiments in which the SSB protein was omitted. 
Again, the experimental data indicates that the E38K/AC17 protein displaces the SSB protein 
better than either individual mutant protein. The presence of SSB does not inhibit the binding of 
E38K/AC17 protein to ssDNA. The enhancement of SSB displacement appears not to simply be 
due to a higher inherent affinity for ssDNA. 

[00095] It is also encompassed within the invention that the C-terminal deletion mutants 

described herein may be combined with other RecA mutations, such as other point mutations to 
produce a variety of desired characteristics for RecA, such as improved displacement of DNA 
binding proteins and enhanced steady-state DNA binding. 

Example 1 1 . Double stranded DNA binding with RecAAC17/E38K 

[00096] In accordance with the invention, the RecA protein hydrolyzes ATP in a DNA- 

dependent manner. The apparent ATP hydrolysis rate correlates well with the binding of RecA 
on DNA because the activity at steady state is almost constant between pH 6 to pH 9. The wild- 
type RecA protein exhibits a long lag in binding to dsDNA, reflecting a slow nucleation step, at 
close to and above physiological pH. At this pH, wild-type RecA exhibits net disassembly from 
linear dsDNA. The lag for dsDNA binding is shortened as E38K/AC17 < AC 17 < E38K « 
wild-type at pH 7.3. The RecA E38K/AC17 protein exhibits almost no lag in binding to dsDNA 
and exhibits no measurable net disassembly from either linear or circular dsDNA at pH 7.3. 
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Thus, the RecA E38K/AC17 double mutant of the invention binds to DNA more persistently than 
any RecA mutant described to date. 

Example 12. pH Reaction Profile for DNA Strand Exchange with RecA E38K/AC17 
[00097] The RecA double mutant E38K/AC 1 7 protein of the invention exhibits a pH 

reaction-profile in which the steps of DNA strand exchange can be separated in a pH-dependent 
manner. The DNA strand exchange has two major steps. First, a short segment of the duplex 
DNA is paired with the RecA-coated ssDNA. This process requires ATP but not its hydrolysis. 
Second, the hybrid DNA created in the first step is extended in a phase that depends on ATP 
hydrolysis. In the wild type protein, both phases of the reaction occur over a broad pH range. 
[00098] The formation of intermediates can be seen only at lower pHs and the formation 

of complete products in the second phase of the RecA reaction is seen only at pHs above 7.5 
shown in FIGS. 8, 9 and 10. The optimum pH for complete product formation is shifted to pH 
8.5 (+ 1.0). In referring to FIG. 8, the reactions were carried out in 25 mM buffer (varied as 
indicated to alter pH), 3 mM potassium glutamate, 1 mM DTT, 5% (w/v) glycerol, 2.2 mM 
phosphoenolpyruvate and 10 units/ml pyruvate kinase. 10 mM and 5 mM Mg(OAc)2 were used 

for wild-type and E38K/AC17 RecA, respectively. RecA proteins (3.5 ^M) were pre-incubated 
with 10 ^iM M13mp7 circular ssDNA for 10 min. ATP (3 mM) and SSB (2 jaM) were then 
added, followed by another 20 min incubation. The reaction was initiated by the addition of 
M13mp7 linear double stranded DNA (to 10 ^M), and further incubated for 2 hours at 37°C. The 
reaction was stopped by deproteinization with 10 mM EDTA, 1% SDS and 1 mg/ml Proteinase K 
and loaded on 1 % agarose gel. Similarly, FIG. 9 refers to the pH-reaction profile for DNA 
strand exchange reaction, where the intermediates (open circle) and products (closed circle) 
promoted by wild-type and RecA E38K/AC17 proteins were quantitated from FIG. 7 as a 
function of pH. 

[00099] Also, FIG. 10 further provides evidence that RecA E38K/AC17 protein is pH- 

dependent in catalyzing the formation of complete products in the strand exchange reaction. In 
referring to FIG. 10, the reactions were carried out as described in Figure 8, except reaction 
aliquots were taken out at specified each time point. The reaction at pH 7.1 (left panel) exhibited 
the intermediate but no product, and reaction at pH 8.4 (right panel) exhibited the product after 
60 min. In the middle panel, the pH of reaction was shifted from 7. 1 to 8.2 at 60 min, and 
product appeared 15 min after pH was shifted (75 min). 

[000100] Therefore, the formation of complete products in the second phase is seen only at 
pHs above 7.5, and the optimum is shifted to pH 8.5 (+ 1.0) in the double mutant is a notable 
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difference between the E38K/AC17 and the wild-type RecA proteins. These results suggest that 
the range of pH conditions under which the E38K/AC17 protein can promote the complete (final) 
products of DNA strand exchange is quite narrow compared to the wild-type and individual 
mutant RecA proteins. This unusual pH dependence for the mutant proteins of the invention has 
the potential to allow exquisite control over the entire reaction. 

[000101] In practicing the present invention, it is envisioned that at the lower pH values (pH 
6 - 7), for the first step of the DNA strand exchange (i.e., where short segment of the duplex 
DNA is paired with the RecA-coated ssDNA to form hybrid intermediate DNA) proceeds very 
well. Large amounts of pairing intermediates appear in the reaction promoted by the mutant 
proteins, suitably the RecA E38K/AC17 protein. However, even after three hours the 
intermediates are not converted to products. Only at pHs above 7.5 can complete products be 
generated. Most suitably, the complete product formation in strand exchange reactions using the 
double mutant occurs at pH 8.5 (+ 1.0). With the wild-type protein, these intermediates appear at 
the early stage of the reaction and are smoothly converted to products over the entire active pH 
range. Thus with the mutant proteins of the invention, a reaction can be initiated at low pH, held 
there in an intermediate stage without the reaction going to completion until desired. Then to 
push the strand exchange reaction towards completion, the pH is adjusted to the higher value. 

Example 13. Mg 2+ ion effect on the RecA E38K/AC 17 protein 

[000102] The DNA strand exchange reaction mediated by the wild-type RecA protein 
requires 6-8 mM free Mg2+ in the excess of that required for coordination of ATP. The 
requirement for free Mg2+ is also exhibited by the E38K individual mutant. The removal of the 
C-terminal 17 amino acid residues eliminates the requirement for excess Mg2+ (44). Therefore, 
the optimal concentration of Mg2+ for the DNA strand exchange reaction catalyzed by the AC 17 
individual mutant is equivalent to (as opposed to in excess of) the ATP concentration. This 
characteristic of the RecAAC17 mutant indicates that the C terminus is involved in a Mg 2+ - 
dependent conformational change required to activate the RecA protein for homologous pairing. 
The requirement for Mg2+ in the E38K/AC17 protein mediate strand exchange closely parallels 
that of the AC 17 individual mutant. However, the pH-reaction profile of the RecA protein is 
dependent on the Mg2+ concentration, even for the reactions promoted by the E38K/AC17 and 
AC 17 proteins. Roughly, the pH-profile is broadened with increasing Mg2 + concentration 

(although the reaction diminishes overall as the Mg2+ concentration is increased). As described 
hereinabove, the RecA E38K/AC17 double mutant protein-mediated reaction has a very narrow 
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pH-reaction profile when the Mg2+ concentration is equivalent to the ATP concentration. In 

practicing the invention a Mg2+ concentration of 5mM (with 3 mM ATP) is most suitable to 
mediate the strand exchange reaction using the double mutant. 

Example 14. Extended reactions with RecA E38K/AC17 

[000103] The wild-type RecA protein can also promote a strand exchange reaction between 
two homologous double-stranded DNA (Four-stranded exchange reaction) and can overcome 
DNA structural barriers such as small heterologous insertions. These RecA activities require the 
hydrolysis of ATP. Likewise, in practicing the invention the RecA E38K/AC1 7 mutant can also 
promote these two reactions provided that the reaction is carried out at the optimal pH and Mg2 + 
concentration conditions. The optimal pH for the four-strand exchange reaction is similar to, 
albeit slightly narrower than, the range of pH for promoting the three-strand exchange reaction 
shown in FIG.8, above the depiction of the gel. Below pH 7, large amounts of intermediate 
molecules accumulate in the four-strand exchange reaction promoted by RecA E38K/AC17. 
These intermediates are not converted to products, as in the reactions shown in FIGS. 8 and 9. 
Thus, in multiple strand exchange reactions, the RecA E38K/AC17 double mutant can facilitate 
complete products formation only when the pH is shifted to a range between 7.5 - 9.5 and more 
suitably between 8-9. 

DISCUSSION 

[000104] From these results it was concluded that the C-terminal region of wild-type RecA 
protein negatively modulates the capacity of wild-type RecA to compete with SSB for binding to 
ssDNA. Progressive removal of 6, 13 and 17 amino acids from the C-terminus of RecA results 
in a progressive increase in the capacity of RecA to displace SSB. RecAAC17 also displaces 
RPA from ssDNA much more readily than wild-type RecA. The binding of RecAAC17 to DNA 
containing secondary structure is enhanced relative to wild-type RecA. The capacity of these C- 
terminally truncated mutants to compete with SSB is quite high, especially in the case of 
RecAAC17. The RecAAC17 truncation and the E38K mutation work together in a double mutant 
to eliminate a discernable lag in SSB displacement under some conditions and to increase the 
steady-state level of DNA binding by RecA. 

[000105] The inhibition of RecA protein binding to ssDNA by SSB could be mediated by 
specific protein-protein interactions, or it could reflect a simple competition for DNA binding 
sites. For example, SSB could inhibit the binding of wild-type RecA protein by means of 
specific protein-protein interactions with the RecA C-terminus, which would be progressively 
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eliminated in the C-terminally truncated RecA proteins. Such a mechanism would imply species 
specificity. This possibility was examined by substituting RPA, the ssDNA binding protein from 
S. cerevisiae, for SSB. It was found that RPA competes efficiently with wild-type RecA for 
binding to ssDNA, and that the C-terminally truncated RecA proteins exhibit a progressively 
enhanced capacity to displace RPA. This indicates that the function of the RecA C-terminus 
does not involve a species-specific interaction. 

[000106] Furthermore, it has been found that excess Mg2+ (above that required to 
coordinate with ATP) has a stimulatory effect on the displacement of SSB by RecA protein, over 
and above the enhancement conferred by the C-terminal deletions, as previously observed for 
wild-type RecA (7). For all of the RecA mutants and for wild-type RecA, SSB displacement is 
more facile in the presence of 10 mM Mg2+ than it is at 3 mM Mg2+. This could reflect an 
alteration of the binding state of SSB, or an effect on RecA protein itself. SSB has multiple salt- 
dependent DNA binding modes (30,59) that might differentially affect SSB's ability to compete 
with RecA protein for ssDNA binding sites. The experiments that substituted RPA for SSB had 
a second purpose, to attempt to address the source of the stimulation by Mg2 + . Unpublished 
experiments suggest that RPA does not have multiple salt-dependent DNA binding modes of the 
sort observed with SSB, and that Mg 2+ does not stimulate the binding of ssDNA by RPA. 
[000107] It was found that the ability of the C-terminally truncated RecA proteins and wild- 
type RecA to compete with RPA is stimulated by the higher Mg2 + concentration, suggesting that 
the excess Mg2 + is directly affecting the RecA protein. It is envisioned by the invention that the 
Mg2 + may be acting on SSB, as well, to alter its function in this system. It has been 

hypothesized that a Mg 2+ interaction site might exist in the E. coli RecA C-terminus, where it 
could be mediated by the many glutamate and aspartate residues present there (44). To the extent 
that Mg2+ does not affect RPA binding, the Mg2+ effects in experiments with SSB appear to be 
due largely to effects of Mg2+ on the RecA protein. Since this is true for even the RecAAC17 
mutant, there may be a Mg 2+ interaction site or sites on RecA protein outside of the C-terminus 
that affect the capacity of RecA to displace SSB. In contrast, an interaction of Mg 2 + with these 

sites does not appear to be required for the strand exchange reaction, as the excess Mg 2+ 
requirement in that reaction was largely eliminated for RecAAC17 (44). 
[000108] Also, it has been found that the addition of the volume-occupying agents 
polyethylene glycol and polyvinyl alcohol to RecA-mediated strand exchange reactions both 
greatly reduced the excess Mg2+ requirement in strand exchange and increased the ability of 
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RecA to compete with SSB for ssDNA (60). This result, combined with similar results using 
RecAAC17 protein, suggests that volume-occupying agents may stabilize a conformation of the 
C-terminus of RecA that does not inhibit these activities. This conformation may be the same 
one induced by addition of excess Mg2+. Removal of the C-terminus also alleviates the 
inhibition. The present invention also envisions that the addition of Mg2+, addition of volume- 
occupying agents or removal of the C-terminus may expose the RecA DNA binding site in such a 
way that RecA is better able to compete with SSB and RPA, or is better able to extract ssDNA 
from the surface of these binding proteins. 

[000109] It is useful to compare the properties of the C-terminally truncated mutant RecA 
proteins with those of other RecA mutant proteins shown to have an increased ability to compete 
with SSB for ssDNA. A primary question is the mechanism by which RecA mutants might have 
an enhanced ability to compete with SSB. Using a salt titration midpoint assay, which reflects 
RecA's equilibrium DNA affinity (61), it was found that the inherent DNA affinity of 
RecAAC17 for poly(dT) is not appreciably changed from that of wild-type RecA (data not 
shown). Previous studies of RecA mutant proteins that compete better with SSB than wild-type 
RecA have shown that the properties of these proteins, RecA803 (V37M), RecA441 
(E38K+I298V), and RecA E38K, are also not due to an increased ssDNA binding affinity 
(8,28,62). The capacity of these previously characterized RecA mutant proteins to compete with 
SSB was shown to correlate with their rate of association with DNA, a characteristic also found 
with wild-type RecA protein in the presence of volume-occupying agents (60). 
[000110] In accordance with this invention, it has been shown that the SSB displacement 
and steady-state DNA binding of the 17 residue C-terminal deletion mutant protein are improved 
further by the E38K mutation. The double mutant displaces SSB with no lag that is measurable 
in these experiments, and provides a higher steady-state level of DNA binding on linear poly(dT) 
in the presence of SSB than any mutant studied to date. Since the intrinsic ATPase activity of the 
double mutant is the same as that of the individual mutant proteins, the increase in steady- state 
ATP hydrolysis is attributed to an increase in the steady-state level of DNA binding. These 
results suggest that SSB displacement and/or overall DNA binding is modulated by several 
different parts of the RecA protein. It has been proposed that the negative charges of the C- 
terminus were part of a regulatory network of protein surface salt bridges (44). 
[000111] It is believed that the increase in SSB displacement and overall DNA binding 
observed when the deletion of the C-terminal 17 residues and the replacement of an acidic 
residue with a basic residue at position 38 are combined could also reflect particular disruptions 
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of an extensive salt bridge network. Hence, the double mutant appears to bind to DNA better in 
the presence of SSB than in its absence. To date no explanation for this effect is known. 
[000112] However, upon further characterization, it is noted that the RecA E38K/AC17 
double mutant exhibits almost no lag in binding to dsDNA and exhibits no measurable net 
disassembly from either linear or circular dsDNA at pH 7.3 compared to the wild-type RecA 
protein which exhibits a long lag in binding to dsDNA, reflecting a slow nucleation step, at close 
to and above physiological pH. Furthermore, the RecA double mutant E38K/AC17 protein of the 
invention exhibits a pH reaction-profile in which the steps of DNA strand exchange can be 
separated in a pH-dependent manner, where the formation of complete products is seen only at 
pHs above 7.5, and the optimum is shifted to pH 8.5 (± 1.0). This unusual pH dependence has 
the potential to allow exquisite control over the entire reaction, particularly when the Mg2+ 
concentration is similar to the ATP concentration. Thus with the double mutant, a reaction can be 
initiated at low pH, held there, and the reaction not be completed until the pH is adjusted to the 
higher value. 

[0001 13] It is further noted that RecAC17 shares an additional property with RecA E38K 
and RecA803, an increased proficiency compared to wild-type RecA of competing with 
secondary structure for ssDNA binding sites (8,28). While the rates of ATP hydrolysis for RecA 

E38K and RecA803 on M13mp8 ssDNA at 10 mM Mg 2+ in the presence of SSB were similar to 
that of wild-type protein, the rates of the mutant proteins in the absence of SSB were much 
higher than that of wild-type RecA. In addition, the RecA E38K, RecA803 and wild-type 
proteins all bound equally well to etheno M13mp8 DNA, which does not contain secondary 
structure. A similar result was obtained for RecAAC17. The ATPase rate for wild-type RecA on 
M13mp8 ssDNA at 10 mM Mg 2 + in the absence of SSB is 30% of the rate in the presence of 
SSB. In contrast, the ATPase rate of RecAAC17 at 10 mM Mg 2+ drops only a moderate amount 
upon omission of SSB, to 84%. In sum, the data indicates that RecAAC17, like RecA803 and 
RecA E38K, is better able to bind DNA that contains secondary structure than is wild-type RecA. 
[000114] In accordance with the invention, it is envisioned that the regulation of RecA' s 
DNA binding ability and/or its ability to compete with SSB would allow RecA to gain access to 
SSB-coated DNA only at the appropriate time, such as after a replication fork stalls. The binding 
of RecA to ssDNA that has been previously bound with SSB is facilitated by the RecO and RecR 
mediator proteins (5,63). The examples described by the invention suggest that these mediator 
proteins alter the binding of SSB to ssDNA, creating a nucleation site for RecA filament 
formation. The work presented here indicates that RecA possesses an inherent and robust 
capacity to displace SSB, but that this capacity is suppressed by the C-terminus. This suggests 
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another potential mechanism of mediator protein action. The RecO and RecR proteins might 
interact directly with RecA protein during the filament nucleation process, altering RecA 
conformation so that the C-terminus is no longer inhibitory. 

[0001 15] Although the foregoing invention has been described in some detail by way of 
illustration and example for purposes of clarity of understanding, it will be readily apparent to 
those of ordinary skill in the art in light of the teachings of this invention that certain changes and 
modifications may be made thereto without departing from the spirit or scope of the appended 
claims. 
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